A herpesvirus was isolated from Thomson's gazelle (Gazella thomsoni) kept at a zoological garden in Japan during an outbreak of epizootic acute encephalitis. The virus, gazelle herpesvirus 1 (GHV-1), was serologically related to equine herpesvirus 1 (EHV-1). However, DNA fingerprints of GHV-1 were different from those of EHV-1 and other equine herpesviruses. Southern hybridization with probes of cloned BamHI fragments derived from U L and U S segments of EHV-1 revealed differences in the DNA restriction profiles throughout the entire genome. Nucleotide sequences were determined for a conserved region of an essential envelope glycoprotein B (gB) gene and a type-specific glycoprotein G (gG) homologue gene. The predicted amino acid sequence of GHV-1 gB showed 97, 92, 61, and 57% identity to EHV-1, EHV-4, feline herpesvirus, and pseudorabies virus, respectively, indicating that GHV-1 was closer to EHV-1 than any other herpesvirus. The GHV-1 gG gene showed 93.2, 92.3, and 53% identity to EHV-1, EHV-8, and EHV-4 gGs, respectively. GHV-1 was virulent to suckling mice of the ICR strain by intracerebral inoculation and was virulent to 4-week-old BALB/c mice by intranasal inoculation, causing neurological symptoms and death. We conclude that GHV-1 is a new type of equine herpesvirus with strong neurotropism. ᭧ 1997 Academic Press
INTRODUCTION
Gazella thomsoni is a small ruminant native to Africa. Several zoological gardens in Japan have imported gaHerpesviruses have been isolated from various anizelles for display. There have been a few reports on viral mals (Roizmann et al., 1992) . Their infection in natural and bacterial diseases in Gazella spp. (Crandell et al. , hosts is usually latent or mild. Some herpesviruses may 1988; Yeruham et al., 1994) . We encountered an outbreak cross species barriers and induce severe and fatal disof acute fatal disease in a herd of gazelles kept at a eases in other hosts. An example is an infection of huzoological garden in September, 1993. A herpesvirus was mans with B virus (cercopithecine herpesvirus 1), a monisolated from the brain of affected gazelles and was dekey herpesvirus, which often has a fatal outcome in hutermined to be the causative agent. This report concerns mans (Weigler, 1992) . the virology, epizootiology, and pathology of this virus. Equine herpesvirus 1 (EHV-1) is a pathogen which causes abortion, respiratory disease, and occasionally MATERIALS AND METHODS neurological disorders in horses (Allen and Bryans, 1986) . EHV-1 infections are usually limited to equine spe-G. thomsoni cies, although infections in nonequine animals including cattle, alpacas, llamas, and antelopes have been reTwelve G. thomsoni were first introduced into the zooported (Chowdhury et al., 1988; Crandell et al., 1988;  logical garden of Toyohashi city, Aichi prefecture, in FebRebhun et al., 1988) . Diseases induced by EHV-1 in these ruary, 1992. Since then, eight normal newborns and one ruminants include abortion, blindness, and malignant camalformed newborn have been delivered. The latter was tarrhal fever-like syndrome. DNA fingerprinting of rumisacrificed after birth. Ten died of injury following crashing nant isolates showed a high degree of similarity or comagainst trees due to fright, biting by stray dogs, reproducplete identity to EHV-1 (Chowdhury et al., 1988; tive failure, or septicemia. There were 10 gazelles at the et Rebhun et al., 1988) .
end of September, 1993 , when the first sudden death was observed. Eight gazelles died over a 2-week period (Table 1) . Seven of these had acute encephalitis. The of disease was sudden. Two animals that died of infections of 1 ml of concentrated cell-free virus preparation (10 6 PFU/ml) at 14-day intervals. Rabbits were bled 7 tion had no sign of disease. The main symptoms were neurological in nature, such as rotation movements and days after the last inoculation. Sera were stored at 020Њ.
Monoclonal antibodies specific to EHV-1 and EHV-4 spasms. Most of the affected gazelles died within 4 days after the onset of symptoms. Laboratory tests showed were kindly provided by Dr. G. P. Allen (Yeargan et al., 1985) . Polyclonal rabbit antisera to bovine herpesvirus 1 positive occult blood and albumin in the urine. Of the two gazelles that did not die, one gazelle had mild dis-(infectious bovine rhinitis virus, IBRV), swine herpesvirus 1 (pseudorabies virus, PRV), and alcelaphine herpesvirus ease and recovered 2 days after veterinary treatment, and the other, a pregnant gazelle, did not develop neuro-1 (malignant catarrhal fever virus, MCFV) were kindly provided by Dr. K. Okazaki, by Dr. M. Narita, and by Dr. logical symptoms. This gazelle delivered a normal foal in December, 1993. The etiological investigation was T. Sugimura. conducted with two animals, P4119 and P4120, involved Histopathology and immunohistochemistry in the later stage of the episode.
Gazelles were necropsied on the day of death or the Viruses and cell cultures day after death. Tissue samples of major organs were fixed in 10% buffered formalin, embedded in paraffin, and The reference viruses used were strains HH-1 (Kawasectioned for hematoxylin and eosin (H and E) staining. kami et al., 1970) and 89c25 (Matsumura et al., 1994) for Viral antigens were detected by immunostaining using EHV-1 and TH20 (Kawakami et al., 1962) for EHV-4.
the avidin-biotin-peroxidase method (Vectastain ABC Several cell lines were used for the isolation, propagakit, Funakoshi, Tokyo) with rabbit anti-EHV-1 HH-1 antisetion, and titration of viruses, including Madin and Darby rum as described previously (Yanai et al., 1995) . bovine kidney (MDBK) cells, fetal horse kidney (FHK) cells, and porcine kidney (PK-15) cells. Cells were culIsolation of virus tured with Eagle's minimal essential medium (MEM) supViral isolation was attempted from brain, spinal cord, plemented with 5% fetal bovine serum, 100 units/ml of kidney, liver, lung, and spleen tissues. Tissues were hopenicillin, and 100 mg/ml of streptomycin.
mogenized to prepare 10% (w/v) suspensions in MEM. Titrations of viruses were done by plaque assay using Isolations were performed with a 24-well culture plate. methylcellulose medium for overlay (Matsumura et al., 1996) .
Each well was inoculated with 0.1 ml of tissue samples. The plates were incubated in a humidified 5% CO 2 incuAntibodies bator at 37Њ and observed daily for 1 week for cytopathic Antisera were prepared against the HH-1 strain of effects (CPE). Cultures showing CPE were harvested and EHV-1, the TH20 strain of EHV-4, and the isolates by stored at 080Њ. CPE negative cultures were passaged at immunization of Japanese White rabbits. For HH-1 and least three times. TH20 strains, rabbits were given four intravenous inocuNeutralization test lations of 1 ml of sucrose gradient-purified viruses (10 7 plaque-forming units (PFU)/ml) at 10-day intervals. For
For serological identification of GHV-1, neutralization tests were performed with rabbit antisera against herpesthe isolates, rabbits were given six intravenous inocula-viruses including PRV, IBRV, MCFV, EHV-1, and EHV-4. et al., 1993a) . The glycoprotein G (gG) homologue gene was amplified with primers GG1 (5-CACACTCAGTTA-PRV, IBRV, and MCFV are neurotropic viruses in ruminants. EHV-1 causes neurological disorders occasionally TTACAGAC-3) and GG2 (5-CTGTAAAGCGGTAGTAAG-CTGC-3) using TaKaRa LA PCR kit (TaKaRa BIOMEDIin horses and ruminants. EHV-4 is serologically related virus to EHV-1.
CALS, Shiga, Japan) and the shuttle PCR program (30 cycles of 98Њ for 10 sec and 65Њ for 5 min) in a thermal The neutralization test was done by the 50% plaque reduction method. An equal volume of 0.2 ml of serial cycler (GeneAmp PCR System 9600, Perkin-ElmerCetus, ABI, Japan). The amplified region corresponded twofold dilutions of heat-inactivated serum and viral suspension containing 200 PFU were incubated overnight to 127,654 to 128,973 of the EHV-1 Ab4p strain genome sequence (GenBank Accession No. M86664). PCR prodat 4Њ or for 1 hr at 37Њ. Four wells were inoculated per dilution at 50 ml/well. The plates were incubated at 37Њ ucts were purified for DNA cloning by chloroform extraction and ethanol precipitation. for 1 hr with intermittent tilting every 15 min. After absorption, the inocula were removed and replaced with 1 ml
Cloning and sequencing of DNA of MEM containing 0.75% methylcellulose and 5% fetal bovine serum. The plates were incubated at 37Њ for 3
Molecular cloning was performed by the method of days. Plaques were stained with 0.01% neutral red and Maniatis et al. (1982) . The bacterial hosts were Eschecounted. Antibody titers were expressed as the highest richia coli DH5a, MV1184, and LE392. The plasmid and serum dilution producing greater than 50% reduction in phage vectors were pUC19, pTV119, pT7Blue(R) (TaKaRa plaque counts.
Biomedicals, Shiga, Japan), and lambda EMBL3. Sequencing reactions were examined with the AutoRead DNA fingerprinting and Southern analysis and AutoCycle sequencing kits (Pharmacia Japan, Tokyo, Japan). The labeled DNA was sequenced with an ALFred Cell-free virions were sedimented by ultracentrifugation of culture supernatants at 100,000 g for 2 hr at 4Њ. Viral sequencer (Pharmacia Japan). pellets were suspended in 0.5 ml of 10 mM Tris-HCl, 100
Comparative sequence analysis mM NaCl, 5 mM EDTA, at pH 8.0. Viral DNA was extracted and dissolved in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0, as Sequence data were transferred into and edited by the described previously (Fukushi and Hirai, 1989) .
Wisconsin Sequence Analysis Package (Genetics Com-DNA was digested with 1 unit of enzyme for 0.1 mg puter Group, Inc., Madison, WI) (Devereux et al., 1984) . DNA per microliter. The digests were electrophoresed at
The partial sequence of the gB homologue gene and the 35 to 40 V for 18 to 24 hr on a horizontal 0.7% agarose complete sequence of the gG homologue gene of the gel in Tris-phosphate buffer (89 mM Tris, 22 mM phosisolates were submitted to the DNA Data Bank of Japan phate, 2 mM EDTA) (Maniatis et al., 1982) .
(DDBJ, National Institute of Genetics, Mishima, Japan). Vacuum transfer of DNA was done as described preAccession numbers are D49800 for the gB homologue viously (Fukushi and Hirai, 1989 LumiCantor, 1969 ) and the gamma-distribution method (Jin Phos 530 (Wako Pure Chemical Industries, Ltd., Osaka, and Nei, 1990) for nucleotide sequences and by the PAM Japan) according to the manufacturer's instructions.
method (Dayhoff et al., 1978) for predicted amino acid sequences. The phylogenic tree was constructed by the Polymerase chain reaction for amplifying glycoprotein neighborhood-joining method (Saitou and Nei, 1987) . genes These molecular phylogenic analyses were examined by the program package ODEN (Ina, 1994) at the National Primers for the glycoprotein B (gB) gene and conditions for PCR have been described elsewhere (Kirisawa Institute of Genetics, Mishima, Japan; the Phylip package version 3.572 (Felsenstein, 1989) ; and the GCG Wisconenveloped DNA viruses (data not shown). Electron microsin package (Devereux et al., 1984) 
virus-like particles in the nucleus of infected MDBK cells (data not shown). Furthermore, negative staining of conMice centrated specimens showed typical herpesvirus-like virions. These findings suggested that the CPE agents P19 Slc:ICR (ICR) and BALB/c Cr Slc (BALC/c) mice were and P20 were herpesviruses. Because these isolates had obtained from Japan SLC, Inc., Shizuoka, Japan. Suckling marked characteristics of herpesvirus, they were named ICR mice were inoculated intracerebrally with 10 3 to 10 5 gazelle herpesvirus 1 (GHV-1). GHV-1 P19 was used for PFU of cell-free viral suspensions. The infected mice further analyses. were nursed by their own mothers and observed for at least 14 days. Four-week-old BALB/c mice were inoculated with 10 2 to 10 5 PFU of viruses via several routes, Serological identification of GHV-1 including oral, intraperitoneal, intravenous, subcutaneous, and intranasal routes. To observe viral transmission, Neutralization of GHV-1 was observed only with rabbit uninoculated mice of the same age were kept with inocuanti-EHV-1, anti-EHV-4, and anti-GHV-1 antisera. The titers lated mice in the same cage. Major organs including of the anti-EHV-1 were 1:1280 for GHV-1 and greater than brain and lung were taken for histopathology and viral 1:2560 for EHV-1. Antisera to PRV, IBRV, and MCFV did not isolation after death.
neutralize GHV-1. GHV-1 reacted with monoclonal antibodies specific to EHV-1 but not with EHV-4, indicating that RESULTS GHV-1 was related to EHV-1 serologically.
Pathological findings of gazelles
No gross abnormalities were observed in seven gazelles at autopsy. Most of the organs, except brains and spinal cords, did not show apparent histological changes. The major findings of the central nervous system were ischemic changes of the neurons in the cerebral cortex. Acidophilic or amphophilic intranuclear inclusion bodies were seen frequently in the neurons (data not shown). The spongiosis consisted of diffuse or nodular hyperplasia of microglia and perivascular infiltration of mononuclear cells was observed in the cerebral cortex. These findings are characteristic of nonsuppurative encephalitis.
Isolation of gazelle herpesviruses
Histopathological findings indicated viral encephalitis. Bacterial cultures were negative. Therefore, two gazelles (P4119 and P4120) were examined in more detail, because fresh samples were available. Viral isolation was attempted in MDBK and PK-15 cell cultures with tissue homogenates. CPEs, i.e., swelling, rounding, multinuclear cell formation, and detachment of cells, were observed in MDBK cell cultures 2 days after inoculation of brain tissue from P4119. This gazelle had marked histo- with chloroform, indicating that the CPE agents were compared with those of EHV-1 using BamHI, BglII, and Molecular characterization of GHV-1
EcoRI. The DNA fingerprints of GHV-1 were completely Because of the serological relationship between different from those of EHV-1 (Fig. 1A) with all of the restriction enzymes tested. A literature survey failed GHV-1 and EHV-1, DNA fingerprints of GHV-1 were protein G homologue gene, was determined to compare it with EHV-1, EHV-4, and EHV-8 to study its relatedness Genetic Distances of Glycoprotein B Homologue Gene to alphaherpesviruses (Fig. 3) . The GHV-1 gG gene con- acids longer than the EHV-4 gG gene (Fig. 4) . The GHV- (Dayhoff et al., 1978) .
genetic distances from GHV-1 were 0.085 and 0.091 to EHV-1, 0.071 and 0.091 to EHV-8, and 0.0645 and 0.0418 to EHV-4 for nucleotide and predicted amino acid seto identify similarities between GHV-1-and EHV-1-related viruses, including EHV-1, EHV-4, and EHV-8, indiquences, respectively. The gG amino acid sequences revealed a conserved region at the N-terminus and a cating that GHV-1 did not belong to any equine herpesvirus type.
highly variable region at the C-terminus. Phylogenetic analyses using the gG nucleotide and amino acid seSouthern hybridization was used to estimate the genetic relatedness between GHV-1 and EHV-1. Probes quences showed equal genetic distances among GHV-1, EHV-1, and EHV-8 (Fig. 5 ). were prepared from cloned BamHI A, D, J, and N fragments of EHV-1 HH-1 strain, fragments of which were located at various sites of the EHV-1 genome (Kirisawa Experimental infection of mice with GHV-1 et al., 1993b). Hybridization and washing were performed under stringent conditions: hybridization at 65Њ for 16 hr Suckling mice. Intracerebral inoculation of suckling mice with GHV-1 induced growth retardation and neurofollowed by washing at room temperature for 5 min in 21 SSC containing 0.1% SDS and two 15-min washes at logical disorders including spasm and ataxia. All mice died within 8 days after inoculation. The pathological 65Њ in 0.11 SSC containing 0.1% SDS. All EHV-1 probes tested hybridized with GHV-1 DNA (Fig. 1B and data not changes observed in brains were degeneration and necrosis of neurons, glial reaction, and perivascular infiltrashown). The sizes and numbers of hybridized fragments were different between the two. Conversely, cloned GHVtion of mononuclear cells in thalamus and cerebral cortex. Acidophilic intranuclear inclusion bodies were ob-1 DNA fragments hybridized with EHV-1 DNA (data not shown).
served frequently in the neurons. Immunohistochemical staining with anti-GHV-1 antiserum showed positive cells A segment of the GHV-1 glycoprotein B gene, consisting of 1181 of 2942 base pairs corresponding to posiin the degenerated foci (data not shown). Young mice. Young mice intranasally inoculated with tions 1477 to 2657 of the gB gene of the Ab4p isolate of EHV-1, was sequenced for quantitative evaluation of GHV-1 developed neurological symptoms including clamorous behavior, convulsions, and weight loss 4 to 6 phylogenic relatedness (Fig. 2) . The gene segment analyzed was from a relatively conserved region of the gB days postinoculation. Symptoms developed sooner with higher doses than with lower doses. All mice inoculated gene. This region had been used for differentiation of EHV-1 and EHV-4 by PCR (Kirisawa et al., 1993a) . The with 10 4 PFU of GHV-1 became comatose and died 6 to 8 days postinoculation. Mortalities were 100% with 10 4 results showed 95.5% nucleotide sequence homology between GHV-1 and EHV-1 and 84.7% homology between PFU and 33% with 10 2 PFU. The LD 50 was less than 10 3 PFU. Mice inoculated by other routes did not develop GHV-1 and EHV-4 (Table 2) . Genetic distances were estimated as base substitution rate per site by the Jukesdisease. No clinical symptoms were observed in uninoculated mice kept in the same cage with inoculated mice Cantor method for nucleic acid sequence and as amino acid substitution rate per site by Dayhoff's method. Gefor the 12 days of observation. Virus was recovered from the brain of intranasally inocnetic distances of the nucleic acid sequences were 0.046 between GHV-1 and EHV-1 and 0.170 between GHV-1 ulated mice only. Histopathologic findings included bilateral degeneration and necrosis of neurons in the cereand EHV-4. The homologies and genetic distances of predicted amino acid sequences of GHV-1 were 97.5% bral cortex and hippocampus. Several degenerated nerve cells containing acidophilic intranuclear inclusion and 0.024 for EHV-1 and 92.6 % and 0.073 for EHV-4.
The sequence of another glycoprotein gene, the glycobodies were found. Immunohistochemical staining with anti-GHV-1 antiserum showed positive cells in the debasis of autopsy in which 7/9 animals showed histological evidence of encephalitis and a herpes-like virus generated foci (data not shown).
was isolated from the brains of two gazelles. Epidemiological, clinical, and laboratory studies indicated that DISCUSSION this outbreak originated within the gazelle herd in the We reported an epizootic encephalitis in gazelles in zoological garden. The microbiological, immunological, genetic, and ultrastructural studies determined the zoological garden. The diagnosis was made on the FIG. 4 . Multiple alignment of predicted amino acid sequences of glycoprotein G homologue of GHV-1, EHV-1, EHV-8, and EHV-4. Multiple sequence alignment was examined by ClustalW (Thompson et al., 1994) . Amino acids that match the GHV-1 gG sequence are represented by dashes in individual gG sequences. Gaps are represented by dots. that this gazelle virus (GHV-1) was a new type of her-8 had branched almost simultaneously from an ancestral virus. Hence the present data would not support pesvirus.
GHV-1 possessed distinct characteristics from EHVthe hypothesis that EHV-8 or another closely related virus might be the progenitor of EHV-1 (Browning et 1 and other EHV-1 related viruses (Table 4) . DNA fingerprints of GHV-1 were different from those of EHVal., 1988; Ficorilli et al., 1995; Studdert et al., 1992) . Therefore the origin and derivation of EHV-1 and other 1, EHV-4, and EHV-8, although GHV-1 cross-reacted with EHV-1 and EHV-4 serologically. Southern analysis related viruses are still open questions. GHV-1 was more virulent than other equine herpesindicated that GHV-1 shared sequence homology with EHV-1. Sequences of gB and gG homologue genes viruses. GHV-1 caused lethal infection in natural and experimental animals including gazelle and mouse, of GHV-1 were closer to EHV-1 than to other equine herpesviruses including EHV-8. These data suggested while EHV-1 and other related viruses are not always lethal to the natural and experimental animals (Allen that GHV-1 should be recognized as a new member of equine herpesvirus.
and Bryans, 1986). GHV-1 seemed to specifically prefer neurons and have distinct tissue tropism. HistopathoThe phylogenic analyses based on the gG homologue gene suggested that GHV-1, EHV-1, and EHVlogical changes in the affected gazelles and mice were 1993). Therefore GHV-1 has distinct virulence and tissue tropism in contrast to other equine herpesviruses.
Genetic Distances of Glycoprotein G Homologue Gene
Experimental infection of mice by GHV-1 may be a among GHV-1, EHV-1, EHV-4, and AHV3
useful model for studying the neuropathology of her- al., 1977), cattle (Crandell et al., 1979; Crandell et al., 1988) , antelope (Chowdhury et al., 1988) , and alpacas
Note. Numbers to the right of the diagonal space indicate the number and llamas (Rebhun et al., 1988) . Fallow deer isolates of nucleotide substitutions per site determined by the gamma distance were derived from several deer injected with dexamethod with a Å 1 (Jin and Nei, 1990) . Numbers to the left of the diagonal methasone. Others were derived from sporadic and space indicate genetic distances (substitution rate of amino acid per site) determined from amino acid sequences using the PAM induce apparent and latent infection in nonequine hosts. It is interesting that a zebra kept in the same field with the gazelles and tested several months after localized in brain tissues with degeneration of neurons the episode had neutralizing antibody to GHV-1 but not and without evidence of respiratory infection. In the to EHV-1 (H. Fukushi and Y. Ochiai, unpublished data) . mouse model, intranasal inoculation of EHV-1 caused Recent data have indicated that GHV-1 also infected infection of the respiratory tract including nasal muand caused diseases in horses (Taniguchi et al., in cosa, trachea, and lung but did not cause infection of preparation). Therefore, it was unclear whether the zebra was infected by GHV-1 before the episode in the the nervous system (Awan et al., 1990; Inazu et al., 
